ABSTRACT A general circulation model sensitivity study was carried out to investigate the influence of global sea surface temperature (SST) on Sahel rainfall. This study was inspired by the impressive model simulations of Sahel rainfall reported by Folland et al. and Rowell et al. The model was integrated from June through September with three different atmospheric initial conditions and four years (1950, 1958, 1983, and 1984) of SST. In three out of four cases (1950, 1983, 1984), the area-averaged simulated rainfall anomaly was consistent with the observations. However, the model's internal variability was rather large. The simulated anomalies had relatively larger sensitivity to the initial conditions in this study than those in a desertification study performed previously by the authors. This model failed to simulate the rainfall anomaly for 1958. Additional model experiments are needed to establish the role of SST variation in determining the Sahel rainfall variation.
Introduction
A large amount of evidence based on observational and modeling studies has established a strong relationship between the changes in the slowly varying boundary conditions at the earth's surface [e.g., sea surface temperature (SST) and land surface conditions] and changes in atmospheric circulation and rainfall. The underlying mechanisms responsible for such a relationship have been presented and reviewed in several papers (viz. Charney and Shukla 1981; Shukla 1984 ; and numerous others for SST; Charney et al. 1977; Shukla and Mintz 1982; Xue et al. 1990; Dirmeyer and Shukla 1993; Xue 1997 , and others for land surface conditions). Since the dynamical flow instabilities are relatively weaker in the Tropics (compared to midlatitudes), the boundaryforced changes in circulation and rainfall dominate at seasonal and interannual timescales. The manner in which a given boundary anomaly influences the circulation and rainfall for any particular region naturally depends upon the structure of the large-scale flow for that region and the presence or absence of other quasistationary forcings (viz. orography and mean heat sources and sinks in that region).
The relationship between SST and seasonal to interannual rainfall variations in the Sahel region has long been an important scientific subject under investigation. The first comprehensive observational evidence for a possible relationship between the Atlantic SST anomalies and the Sahel rainfall anomalies was presented by Lamb (1978a,b) . Lamb showed a relationship between displacements of SST patterns and rainfall patterns. This result was further confirmed, and extended to explain long-term changes, by several subsequent studies (Hastenrath 1984 (Hastenrath , 1990 Druyan 1991; Lamb and Peppler 1991) .
Several other observational and modeling studies have suggested that the global SST anomalies also play an important role in producing rainfall anomalies over the Sahel and the adjoining regions (Folland et al. 1986; Folland et al. 1991; Palmer et al. 1992; Rowell et al. 1995) . Folland et al. (1991) found that the relatively modest variations observed in the large-scale patterns of SST have had a substantial impact on the variations of Sahel rainfall. Tropical oceans, on the whole, have considerably more influence than extratropical oceans. They also found that warmer SST in the Southern Hemisphere relative to that in the Northern Hemisphere has been associated with Sahel drought.
The present study was motivated by the impressive results presented by Folland et al. (1991) and Rowell et al. (1995) . Considering the large sensitivity of tropical rainfall to changes in SST, it is quite reasonable to expect that a good dynamical model can successfully simulate the observed SST-rainfall relationship. However, we were intrigued by the degree of success (near-perfect correlation between the sign of the observed and model simulated rainfall anomalies, and excellent simulation of the annual cycle and the seasonal mean rainfall in
1. Sea surface temperature anomalies for (a) 1950, (b) 1958, (c) 1983, and (d) 1984 . Units: K. The climatological period, from which anomalies were calculated, is from 1951 to 1980.
the Sahel region) for 10 selected years. In the remainder of this paper we will refer to the paper by Rowell et al. (1995) as RFMW. Our primary motivation was to investigate the reproducibility of these results by another global model. We would like to clarify at the outset that even if no other model can reproduce the results of RFMW (Sud and Lau 1996) , it, by no means, questions the validity of these results. We fully recognize how complex a global climate model is, and it is highly unlikely that a climate model will produce 10 highly successful simulations just by chance.
Model and experimental design
The Center for Ocean-Land-Atmosphere (COLA) general circulation model (GCM) used in the present study is exactly the same as the one used by Xue and Shukla (1993, 1996) to investigate the effects of changes in the land surface conditions on sub-Saharan rainfall. This will make it possible to compare the relative impacts of changes in SST and land surface conditions. The COLA GCM is based on a modified version of the National Centers for Environmental Prediction (formerly the National Meteorological Center) global spectral model with rhomboidal truncation at zonal wavenumber 40 (Kinter et al. 1988; Sato et al. 1989 ). The prognostic computations are carried out in the spectral domain and the physical processes are computed on a Gaussian grid (with approximately 1.8Њ latitude by 2.8Њ longitude resolution). The model is discretized into 18 vertical layers. A modified Kuo scheme is used for cumulus convection (Kuo 1965 ). An interactive cloud scheme, similar to the one developed by Slingo (1987) , was incorporated into the GCM for the radiation calculations (Hou 1990) .
The purpose of this study is to investigate the effects of the global SST anomalies on the sub-Saharan rainfall. The COLA GCM was first integrated with climatological SST for 4 months starting from three initial atmospheric conditions for 1-3 June 1988. The averages for these three integrations were referred to as the CON-TROL integration. These three seasonal integrations were repeated four more times using the observed global SST for 1950 SST for , 1958 SST for , 1983 SST for , and 1984 . These are 4 of the 10 years chosen by RFMW and the same 4 years used by Folland et al. (1991) . The averages of three integrations using four different SSTs will be referred to as SST50, SST58, SST83, and SST84, respectively. The land surface conditions (vegetation, soil wetness, etc.) were the same in all the integrations. The monthly mean global SST data (Bottomley et al. 1990) , which are the same as those used by Folland et al. (1991) in their simulations, were kindly provided by the U.K. Meteorological Office. During the integration, the model interpolates daily values of SST at each grid point. The differences in results of this study and that of RFMW can be largely attributed to the differences in the two models. Figure 1 shows the observed July, August, September (JAS) SST anomalies for each of the four years. Out of these four years, 1983 and 1984 represent the two dry years for Sahel and 1950 and 1958 represent two wet years.
Observed SST anomalies
In 1950 there are no significant SST anomalies in the tropical Atlantic (only a mild dipole pattern). The equatorial Pacific is colder than normal and the northern Pacific Ocean is warmer than normal. Very pronounced SST anomalies are seen in the southern Indian Ocean.
Observed JAS rainfall for the mean of 1950, 1958, 1983, and 1984; (b) simulated JAS rainfall for the mean of SST50, SST58, SST83, and SST84. Units: mm day Ϫ1 .
In 1958 there is a well-defined SST anomaly dipole pattern in the tropical Atlantic with warmer than average SSTs to the north and colder than average to the south of the equator. The eastern tropical Pacific Ocean is generally warmer than normal and there are no significant SST anomalies in the Indian Ocean. The SST anomaly map for 1983 is dominated by large positive SST anomalies in the eastern topical Pacific associated with one of the major El Niño events of this century. The SST in the northern Pacific Ocean is colder than normal. The southern Atlantic and the Indian Ocean are generally warmer than normal. In 1984 there is also an SST anomaly dipole pattern in the Atlantic Ocean similar to that in 1958 except that it is stronger and of opposite polarity, showing positive SST anomalies to the south of the equator. The eastern equatorial Pacific SST anomalies are negative near most of the coastal areas.
The main purpose of showing actual SST anomalies is to point out that, with the exception of the 1983 warm event in the Pacific, the tropical SST anomalies in general, and over the Atlantic in particular, are rather modest in amplitude. To the extent that they can still produce a rather significant change in precipitation over the Sahel region is indeed very impressive. Figure 2b shows the JAS rainfall for the mean of SST50, SST58, SST83, and SST84. The observed African rainfall is from Nicholson (1993) . In the simulations, the rainfall in the sub-Saharan region was greater than the observed and the extent of the intertropical convergence zone was greater than the observation (Fig. 2a) . These results are consistent with the seasonal mean rainfall simulated in Xue and Shukla (1993) and will not be further elaborated here. Following RFMW, we have defined a region between 13ЊN and 17ЊN and 15ЊW and 40ЊE for averaging rainfall for more detailed comparison. For convenience, hereafter, we will refer to this region as Sahel. The average Sahel rainfalls (in the units of mm day Ϫ1 ) for the CONTROL integration and for the four observed SST integrations (SST50, SST58, SST83, and SST84) are 5.81 and (6.29, 5.57, 4.94, 5.17) , respectively. The corresponding long-term observed climatological rainfall, which is the mean of all available rainfall data, and the observed rainfall for the years (1950, 1958, 1983, 1984) are 3.48 and (5.03, 4.33, 2.40, 1.83), respectively. It should be pointed out that the simulated mean rainfall in RFMW was much closer to the observed rainfall especially for the Sahel region. However, as shown in Fig. 2 , overall, the major rainfall patterns are fairly well simulated in the COLA GCM. Figures 3, 4 , 5, and 6 show the model-simulated and observed rainfall anomalies for each of the years 1950, 1958, 1983, 1984 , respectively. Each figure has four panels. The first three panels (a, b, c) show the modelsimulated rainfall anomaly for three different model integrations starting from slightly different initial conditions on 1, 2, and 3 June of each year. Thus, the first three panels of simulated JAS rainfall anomaly are for the same SST anomaly. The fourth panel (d) shows the observed JAS rainfall anomaly for that year. The modelsimulated rainfall anomaly is calculated by subtracting the CONTROL integration from the observed SST integration. For example, (SST501 minus CONTROL1) and (SST502 minus CONTROL2) gives the model-simulated rainfall anomaly for 1950 with 1 June and 2 June initial conditions, respectively. The observed rainfall anomaly was obtained from all the available stations for that year. The most noteworthy features of these figures are large differences among three integrations with slightly different initial conditions for the same SST anomaly. The only exception is 1983 (Fig. 5) , for which there is considerable reproducibility among the three model simulations for three different initial conditions. However, even for 1983 there are large errors in simulated rainfall anomalies for specific regions. For example, between 5Њ-10ЊN and 5Њ-15ЊW the model shows the largest positive rainfall anomalies over that region where the observations had the largest negative anomalies. Simulated rainfall anomalies for 1958 (Fig. 4) are not only quite different from each other for the three initial conditions, but they have little similarity to the observed rainfall anomaly (Fig. 4d) . This is especially puzzling because 1958 SST anomalies show a well-defined dipole pattern in the tropical Atlantic.
Results

a. Mean rainfall
b. Rainfall anomalies
The results in this study reveal a high sensitivity of the simulated anomalies to initial conditions, which is quite different from our land processes experiments (Xue and Shukla 1993, 1996; Xue 1997) . In land studies, the changes in land surface conditions were rather dramatic. The strong local anomaly forcing produced stable anomaly rainfall patterns with less sensitivity to the initial conditions. Because the SST anomaly affects Sahel mainly through change in the atmosphere circulation (see more detailed discussion in next section), the internal variability became much higher in model simulations.
Whereas the individual rainfall anomaly maps look disorganized, a spatial averaging of rainfall anomalies over the Sahel region gives a very different picture. Figure 7 shows the model-simulated and observed rainfall anomalies averaged over the Sahel region defined earlier. The three bars for each year correspond to the three model simulations with three different initial conditions. The sign of the rainfall anomalies is correctly simulated in three out of four years. However, the amplitude of the simulated rainfall anomaly is only comparable to the observations in 1983. For 1958, the simulated rainfall anomalies are negative in two cases while the observed anomaly is positive. For 1950 and 1984, the simulated rainfall anomaly is only about one-third of the observed rainfall anomaly. In order to test the statistical significance of results, long-term integrations may be necessary. However, testing statistical significance was not our primary goal. In this study, we used several different initial conditions with each SST to reduce model internal variability. We also carried out Student's t-tests for each year. Three CONTROL and three observed SST integrations for three initial conditions for each year were used to calculate t values. It was found (not shown) that the simulated rainfall anomalies for all years are not statistically significant even at the 90% significant level. However, despite the failure in simulating the 1958 anomaly, a Student's t-test for the JAS rainfall differences between the mean of SST83 and SST84 and the mean of SST50 and SST58 shows that the rainfall differences between them are significant at a 90% level over the central Sahel area (for the negative anomaly), and the area near the Gulf of Guinea and part of eastern Africa (for the positive anomaly; Fig. 8 ). It should also be pointed out that the significance of the positive anomaly near the Gulf of Guinea is questionable. As shown in Fig. 4 , there was no positive anomaly near the Gulf of Guinea in 1983. The positive anomaly in Fig. 8a was mainly caused by the 1984 rainfall anomaly. Although the model correctly simulates the 1984 positive anomaly, the simulated 1983 positive anomaly near the Gulf of Guinea is not found in the observations. However, this error actually enhances the significance of the positive anomaly in Fig. 8b. 
c. Moisture flux convergence
Precipitation over a region is linked to the atmospheric circulation through the regional convergence of atmospheric moisture:
where S is the change in atmospheric moisture content, E is evapotranspiration, P S is surface pressure, q is specific humidity, V is the horizontal wind velocity, is the model vertical coordinate system, and P is precipitation. The rainfall anomalies in this study are closely associated with the variations in moisture flux convergence (MFC). averaged over 15ЊW and 40ЊE between SST50 and CONTROL, SST58 and CONTROL, SST83 and CON-TROL, and SST84 and CONTROL, respectively. There are strong gradients between 10Њ and 15ЊN in the low and middle atmosphere. All four cases have enhanced MFC (or reduced moisture flux divergence, MFD) below 850 mb near 15ЊN. This enhancement extends to 700 mb in SST50, which is consistent with the rainfall increase in SST50. In both SST83 and SST84, the MFC is reduced (or MFD is increased) above 850 mb. The vertically integrated MFC over the Sahel region is reduced by 0.72 mm day Ϫ1 for SST83 and 0.41 mm day Ϫ1 for SST84. Rowell et al. (1992) found that their simulated Sahel precipitation was primarily associated with changes in the midlevel convergence of moisture. The low-level moisture accumulation was even larger in 1983, which is quite consistent with our results. The changes above 850 mb in SST58 are similar to SST83 and SST84, but weak. The vertically integrated MFC has no change. In SST50 and SST58, a reduced MFC near the surface is located to the south of the area associated with enhanced MFC. The rainfall there is reduced (Figs. 3 and   4 ). In SST83 and SST84, the enhanced MFC area near the surface expands to the south, and to the middle troposphere. These changes are consistent with positive rainfall anomalies there in the model simulations. The subsidence at midtroposphere above the Sahel region increases in SST83 and SST 84 and decreases in SST50 (not shown), which is consistent with the MFC changes. In SST58, the rising motion increases over the Sahel region (not shown). But this change does not lead to a corresponding change in rainfall and MFC. The differences in P, E, and vertically integrated MFC over the Sahel region between the mean of SST83 and SST84, and the mean of SST50 and SST58, are Ϫ0.88 mm day Ϫ1 , Ϫ0.22 mm day Ϫ1 , and Ϫ0.72 mm day Ϫ1 , respectively. Changes in P are dominated by changes in MFC. Evaporation and cloud cover, as well as soil moisture, have only small changes (not shown), which are quite different from our results in desertification (Xue and Shukla 1993; Xue 1997) . However, this feature may help us to understand one of Rowell et al.'s (1995) results, in which an interactive soil scheme made very little difference compared with specified soil moisture. The limited cloud cover change may also be a cause of (1983 and 1984) and two wet years (1950 and 1958) ; (b) simulated JAS rainfall difference between the mean of SST83 and SST84 and the mean of SST50 and SST58. The area in which the difference has more than 90% significant level is shaded. Units: mm day Ϫ1 .
overall reduced sensitivity in our SST study. But we do not know if this is caused by the cloud scheme or by atmospheric circulation simulation.
Discussion and summary
This study was inspired by the successful model simulations of Sahel rainfall using observed SSTs (Folland et al. 1991; Rowell et al. 1995) and was intended to investigate the reproducibility of these results by another GCM, the COLA GCM, which has also been used for a number of Sahel studies.
The results from this study generally support the results from other studies that the SST has identifiable impact on the Sahel rainfall. In three out of four runs (SST50, SST83, SST84), the simulated rainfall anomaly averaged over Sahel region is consistent with the observations, but with large internal variability. The simulated anomalies had rel- atively larger sensitivity to the initial conditions in this study than those in our desertification study (Xue and Shukla 1993) . The changes in simulated seasonal mean Sahel rainfall is consistent with the changes in MFC at middle-atmospheric levels as also discovered by Rowell et al. (1992) . However, the patterns of simulated rainfall anomaly are quite different from observations. We summarize below the differences between the results found here and earlier studies. First, comparing the results from this study and the results from Folland et al. (1991) , we find that the simulated SST impact on the Sahel rainfall is model dependent. For example, the simulation of 1958 is quite different in the COLA GCM and the U.K. Meteorological Office model. Second, the simulated rainfall anomalies in this study are smaller than observed ones. In one case (SST58), the model cannot produce the observed rainfall anomaly pattern at all. The results from the desertification experiments (Xue and Shukla 1993; Xue 1997) showed that despite the dramatic changes in prescribed land surface conditions in the desertification experiment, the simulated rainfall anomaly was still smaller than observations. In the COLA GCM, neither SST nor land anomaly forcing alone would produce the observed rainfall anomalies. It is likely that both SST and land surface anomalies play a role in simulation of Sahel rainfall.
